ABSTRACT. To elucidate one way of the shock mechanisms, the hemodynamic alterations were examined in 7 dogs with heartworm (HW) extract-induced shock. The first alteration observed after injection of HW extract was a decrease in right ventricular end-diastolic pressure (RVEDP). After that, left ventricular (LV) end-diastolic pressure, LV systolic pressure, and LV dp/dt fell significantly, followed by a decrease in the cardiac output of all dogs to below the detectable level (1.00 l/min). Since RVEDP depends on blood flow into the right ventricle, the decrease in RVEDP means a reduction in venous return. Therefore, this study showed that the first trigger of a decrease in blood pressure in HW extract-induced shock is the reduction in venous return.
It is well known that the administration of prophylactics for Dirofilaria immitis (heartworm, HW), such as diethylcarbamazine (DEC) [1, 14] , milbemycin D [15] , and ivermectin [5] , induces shock in dogs with microfilaremic HW infection (mf-induced shock). In human beings, treatment of onchocerciasis and lymphatic filariasis with DEC and ivermectin also induces shock, which leads to the failure of many control programs [3, 12] . On the other hand, shock resulting from HW adult worms occurs clinically when such worms are injured during surgical treatment of the host [6, 7] . However, to the authors' knowledge, the mechanisms of these shocks in both veterinary medicine and human medicine have not yet been clarified. Thus, there is a need to elucidate the mechanisms of such shocks in order to improve prophylaxis and treatment of filariasis, not only in veterinary but also in human medicine. We have previously reported that intravenous injection of HW extract induces shock in dogs irrespective of HW infection [8] [9] [10] . The clinicopathologic and pathologic findings of HW extractinduced shock were fundamentally similar to those associated with mf-induced shock [8] [9] [10] . Therefore, investigation of the mechanisms of HW extract-induced shock would be useful in elucidating the mechanisms of shock due to injured adult worms and mf-induced shock.
The main clinical findings of HW extract-induced shock were hyperemia of the mucous membranes, palpitation, and tachypnea observed immediately after intravenous injection of HW extract, followed by collapse due to a sudden decrease in blood pressure 5 to 30 min after injection [9] . During collapse, clinical signs indicating circulatory failure such as paleness of the mucous membranes, weak heart sounds, dyspnea, and cold skin were observed. In the shock-related pathologic findings, centralobular congestion in the liver, and congestion and hemorrhage in mucous membranes of the gastrointestinal tract were observed during collapse [8] . These pathologic findings and the collapse disappeared simultaneously. The cardiac muscle and vessels in dogs with shock were normal in the morphologic findings. Moreover, hemorrhage and edema, which suggested a decrease in circulating blood volume, were not recognized in any tissues before collapse, although hemorrhage in mucous membranes of the gastrointestinal tract was observed after collapse. Therefore, we can hypothesize that HW extract-induced shock is a distributive shock, because the blood accumulated in the liver and gastrointestinal tract during collapse, leading to a reduction in venous return. In the present study, we examined the hemodynamic alterations in dogs with HW extract-induced shock in order to confirm whether the cause of decrease in blood pressure might be a reduction in venous return, as a step toward the elucidation of shock mechanisms.
Seven mixed-breed dogs of both sexes ranging from 2-to 4-years-old and weighing between 6.5 and 17.0 kg were studied. They were obtained from the local pound. HW infection was confirmed in all dogs on the basis of HW adult worm detection at postmortem examinations. This study was conducted in a manner consistent with the Gifu University Guidelines for Animal Experimentation. The HW extract was prepared from female adult HW by use of a previously reported procedure [9] . Two milliliters of the HW extract, which was equivalent to the volume extracted from a female adult HW, was injected intravenously into each dog.
Experiments were performed successively within 30 min after HW extract injection under general anesthesia using sodium pentobarbital (Nembutal injection, Dainippon Pharmaceutical Co., Ltd., Osaka, Japan, 10 mg/kg of body weight). In order to determine whether a decrease in systemic blood pressure might be caused by abnormalities of the cardiac or arterial function, or an abnormality of the venous function, the left and right ventricular pressures were measured simultaneously, and these values were com-pared. Heart rate (HR), cardiac output (CO), and electrocardiogram (ECG) were also determined. Left ventricular pressure was measured using a 5-French renal double curve catheter (Medical Information Technology Inc., Westwood, MA, U.S.A.), which was inserted percutaneously via the femoral artery into the left ventricle. Right ventricular pressure was determined by a 7-French National Institutes of Health catheter (CR Bard Inc., Murray Hill, NJ, U.S.A.), which was inserted precutaneously via the external jugular vein into the right ventricle. Wavy pressure patterns were recorded using a pressure transducer (TP-101T, Nihon Kohden Corp., Japan), a carrier amplifier (AP-106G, Nihon Kohden Corp., Japan), and a phonocardio and electrocardiograph (Cardio Jet PSC-5013, Nihon Kohden Corp., Japan) connected to the catheters. The zero point of each pressure was equivalent to the height of the right atrium of the experimental dog placed right laterally, i. e., half the height of the breadth of the chest in the third intercostal site. CO was determined using a Swan-Ganz thermodilution catheter (Baxter Healthcare Corp., Irvine, CA, U.S.A.) which was inserted in the pulmonary arterial trunk and a cardiac output computer (AH-611V and EQ-611V, Nihon Kohden Corp., Japan) before HW extract injection, 3 to 5 min after HW extract injection, and 15 and 30 min after HW extract injection. In ECG, bipolar limb lead II patterns were recorded simultaneously with wavy patterns of cardiac pressure using a phonocardio and electrocardiograph. Data are expressed as mean ± SD. One-way ANOVA and Fisher's protected least significant difference were used to compare the value before HW extract injection with that at each time point after the injection. A value of P<0.05 was considered statistically significant.
In the first phase, right ventricular end-diastolic pressure (RVEDP) decreased significantly (P<0.01) 1 min after HW extract injection (Table 1 and Fig. 1 ). At this time, left ventricular systolic pressure (LVSP) fell slightly (103.9 ± 39.6 mmHg, P<0.05). LVSP then decreased remarkably (60.8 ± 20.4 mmHg, P<0.01) 2 min after injection, and left ventricular end-diastolic pressure (LVEDP), and left ventricular dp/dt (LV dp/dt) also decreased significantly (P<0.05 and 0.01, respectively) at the same time. The CO of all dogs decreased (P<0.01) below the detectable level (1.00 l/min) 3 to 5 min after injection. RVEDP, LVSP, LVEDP, and LV dp/dt remained at significantly low levels until 5 min after injection. HR fell (P<0.05) temporarily 5 min after injection. Since 3 of 7 dogs died 8, 8.5, and 17 min after HW extract injection, data from 10 min after injection were obtained from the other 4 live dogs. In these live dogs, RVEDP remained at a significantly low level until 30 min after injection. LVSP, LVEDP, and LV dp/dt increased gradually, and CO returned to normal 30 min after injection. On the other hand, right ventricular systolic pressure (RVSP) did not show significant changes during the procedure. However, cardiac pressures of 3 of the dead dogs showed a uniform tendency when counting backwards from the time of death (Table 2) . Hence, LV dp/dt decreased suddenly (P<0.01) 2 min before death, and LVEDP and RVEDP tended to increase at death and 1 min before death, respectively. S-T segment depression was seen in 6 dogs 1 to 3 min after HW extract injection, and then disappeared gradually (Table 3 ). In addition, P-Q interval prolongation was seen in 3 dogs until 5 min after HW extract injection, and seconddegree atrio-ventricular block (Mobitz type II) was recognized in 2 dogs.
The first alteration in cardiopulmonary function values , and 17 min after HW extract injection, respectively, the data of these 3 dogs were excluded from 10 min after HW extract injection. HW=heartworm; LVSP=left ventricular systolic pressure; LVEDP=left ventricular enddiastolic pressure; LV dp/dt=left ventricular dp/dt; RVSP=right ventricular systolic pressure; RVEDP=right ventricular end-diastolic pressure; HR=heart rate; CO=cardiac output; ND=not done. observed after administration of HW extract was a decrease in RVEDP. RVEDP is equal to venous pressure, and depends on blood flow into the right ventricle [11, 13] . Therefore, the decrease in RVEDP indicates a reduction in venous return. LVSP, LVEDP, and LV dp/dt then decreased remarkably, followed by a fall in CO. These findings showed that the initial trigger of a decrease in blood pressure in HW extract-induced shock was the reduction in venous return. This return is caused by a decrease in cardiac contractile force, a decrease in circulating blood volume, or blood accumulation due to an increase in venous side volume [13] . In this study, LV dp/dt did not decrease, and LVSP fell only slightly at the time when RVEDP initially decreased. Therefore, this indicated that cardiac contractile function remained normal. On the other hand, the characteristic pathologic finding of HW extract-induced shock was hepatosplanchnic vascular congestion during collapse with a decrease in blood pressure, and the hemorrhage and edema suggesting a decrease in circulating blood volume were not observed before the collapse [8] . These findings indicated that the reduction in venous return was caused by blood accumulation in the hepatosplanchnic vascular bed, showing that the decrease in blood pressure in HW extractinduced shock is caused by the reduction in venous return due to blood accumulation in the hepatosplanchnic vascular bed, i. e., that HW extract-induced shock is a distributive shock [16] .
Up to 5 min after HW extract injection, ECG of many dogs revealed S-T segment depression, which appeared to result from initial symptoms of myocardial ischemia or inadequate circulation [18] . Moreover, HR fell significantly but only transiently at the time of the fall in LVSP, and presumably, left ventricular volume. In addition, P-Q interval prolongation and second-degree atrio-ventricular block (Mobitz type II) were observed in ECG of some dogs. This series of ECG findings indicates conduction disturbances of the cardiac muscle which is associated with excitation of the parasympathetic nerves [18] . The main clinical findings during the decrease in systemic blood pressure of HW extract-induced shock were intestinal hyperperistalsis, defecation, miosis, and urination [9] , suggesting excitation of the parasympathetic nerves [11] . Thus, the strong parasympathetic activation in this setting is probably caused by activation of the Bezold-Jariszh reflex secondary to a sudden fall in left ventricular volume, and the reduction in HR is LV dp/dt = left ventricular dp/dt; RVSP = right ventricular systolic pressure; RVEDP = right ventricular end-diastolic pressure.
considered to be a result of the activation of the BezoldJariszh reflex [21] . RVEDP of 4 live dogs remained at a significantly low level until 30 min after injection, whereas LVSP, LVEDP, and LV dp/dt increased gradually, and CO returned to normal 30 min after injection. In the pathologic findings in HW extract-induced shock, hepatosplanchnic vascular congestion was observed until 30 min after injection [8] . Therefore, it seemed that RVEDP did not completely recover until 30 min after injection. On the other hand, LV dp/dt in 3 of the dead dogs decreased suddenly 2 min before death, and LVEDP and RVEDP tended to increase at death and 1 min before death, respectively. These observations most likely reflects agonal changes [13] .
This study and previously reported pathologic findings [8] of HW extract-induced shock indicated that the cause of decrease in blood pressure was a reduction in venous return due to hepatosplanchnic vascular congestion. Such congestion has also been described in canine anaphylactic shock [4, 20] , and is suggested to result from hepatic venous constriction [20] or splanchnic arterial [4] or venous [19] relaxation. Moreover, hepatosplanchnic vascular congestion was recognized in mf-induced shock due to administration of DEC [2, 17] , and it was suggested that the congestion resulted from substances liberated from microfilariae by DEC, which were able to constrict the hepatic veins either directly or indirectly [2] . Thus, it is suspected that HW extract cons tri ct s or re l axe s the bl ood v es se ls, l ea di ng to hepatosplanchnic vascular congestion. In order to elucidate the mechanisms of HW extract-induced shock, it must be confirmed whether HW extract acts directly to make blood vessels constrict or relax. , and 17 min after HW extract injection, respectively, the data of these 3 dogs were excluded from 10 min after HW extract injection. a) S-T segment depression was defined as an electric potential drop of 0.2 mV or more over the baseline. b) P-Q interval prolongation was defined as a P-Q interval of 0.13 sec or more. HW = heartworm.
